Introduction: Mesenchymal stem cells (MSCs) are multipotent cells capable of self-renewal and multilineage differentiation. Their multipotential capacity and immunomodulatory properties have led to an increasing interest in their biological properties and therapeutic applications. Currently, the definition of MSCs relies on a combination of phenotypic, morphological and functional characteristics which are typically evaluated upon in vitro expansion, a process that may ultimately lead to modulation of the immunophenotypic, functional and/or genetic features of these cells. Therefore, at present there is great interest in providing markers and phenotypes for direct in vivo and ex vivo identification and isolation of MSCs. Methods: Multiparameter flow cytometry immunophenotypic studies were performed on 65 bone marrow (BM) samples for characterization of CD13 high CD105 + CD45 -cells. Isolation and expansion of these cells was performed in a subset of samples in parallel to the expansion of MSCs from mononuclear cells following currently established procedures. The protein expression profile of these cells was further assessed on (paired) primary and in vitro expanded BM MSCs, and their adipogenic, chondrogenic and osteogenic differentiation potential was also determined. Results: Our results show that the CD13 high CD105 + CD45 − immunophenotype defines a minor subset of cells that are systematically present ex vivo in normal/reactive BM (n = 65) and that display immunophenotypic features, plastic adherence ability, and osteogenic, adipogenic and chondrogenic differentiation capacities fully compatible with those of MSCs. In addition, we also show that in vitro expansion of these cells modulates their immunophenotypic characteristics, including changes in the expression of markers currently used for the definition of MSCs, such as CD105, CD146 and HLA-DR. Conclusions: BM MSCs can be identified ex vivo in normal/reactive BM, based on a robust CD13 high CD105 + and CD45 − immunophenotypic profile. Furthermore, in vitro expansion of these cells is associated with significant changes in the immunophenotypic profile of MSCs.
Introduction
Mesenchymal stem cells (MSCs) are nonhematopoietic multipotent stem cells that have the ability for selfrenewal and multilineage differentiation [1] . These cells were first described as residing in the bone marrow (BM), which is currently the most extensively studied source for MSCs; however, MSCs have also been successfully isolated from tissues other than BM (e.g., umbilical cord blood [2] , the placenta [3] , amniotic fluid [4] , adipose tissue [5] , lung [6] , skeletal muscle [7] and the dental pulp [8] ). Due to their multipotential capacity [1] and immunomodulatory properties [9, 10] , an increasing interest has emerged about the biological properties and the potential clinical application of these cells, as they may represent a potential source for cell-based therapy for tissue repair [11, 12] and for suppressing autoimmunity [13] . In addition, MSCs may also play an important role in the pathogenesis of several diseases, including hematological disorders such as multiple myeloma [14] , chronic myeloid leukemia [15] and myelodysplastic syndromes [16, 17] .
At present, the identification and definition of MSCs are both based on a combination of phenotypic, morphological and functional characteristics, summarized into three minimal criteria by the International Society for Cellular Therapy (ISCT) [18] . Based on these criteria, MSCs must lack expression of hematopoietic markers (CD19 or cyCD79a, CD11b or CD14, CD45, CD34 and HLA-DR), and show positivity for several other proteins (CD73, CD90 and CD105). Furthermore, MSCs must also be capable of adhering to a plastic surface when maintained in standard culture conditions, and to differentiate to at least three different cell lineages (i.e., osteoblastic, adipocytic and chondrocytic lineages) [18] .
Despite the above criteria have contributed to the standardization of MSC studies, the need for in vitro expansion of these cells prior to their characterization has been suggested to potentially modify their immunophenotypic, functional or even genetic features during culture [17, [19] [20] [21] [22] ; such changes could contribute to explain, at least in part, discrepant results observed in the literature about the characteristics of MSCs [17, [22] [23] [24] [25] [26] [27] . Therefore, at present there is a great interest in providing markers for direct in vivo and ex vivo identification and isolation of MSCs [28] [29] [30] [31] . In this regard, several studies have identified markers that could be used for positive selection of BM MSCs, such as the nerve growth factor receptor (CD271), the mesenchymal stem cell antigen 1 (MSCA-1), STRO-1, SSEA-4 and the CD13 ectoenzyme [32] [33] [34] , in addition to CD73, CD90 and CD105. However many of these markers do not provide a clear-cut distinction between MSCs and other BM cells; due to their heterogeneous expression, their overlap with other BM cell populations, or the fact that they have not been systematically used for the identification of MSCs. 
Materials and methods

BM samples
A total of 65 freshly obtained ethylenediaminetetraacetic acid (EDTA)-or heparin-anticoagulated normal (n = 9) and reactive (n = 56) BM aspirates were obtained from an identical number of individuals (30 males and 35 females; median age 51 years, range 22-76 years) at the University Hospital of Salamanca, Spain, and the Mast Cell Unit of the Hospital Virgen del Valle, Toledo, Spain. Normal BM samples were obtained from healthy donors, while reactive samples corresponded to patients undergoing BM aspiration due to suspected mastocytosis or other hematological disorders, but who did not exhibit any clonal hematological disease. The study was approved by the local Ethics Committee, Comisión de Bioética del Centro de Investigación del Cáncer-IBMCC (USAL-CSIC). In all cases, informed consent was obtained prior to the study, according to the guidelines of the local Ethics Committee, and all experiments were performed following the Declaration of Helsinki.
Ex vivo multiparameter flow cytometry immunophenotypic studies
Multiparameter flow cytometry (MFC) immunophenotypic studies were performed on BM aspirated samples, processed under sterile conditions within the first 24 hours after they were collected. For ex vivo immunophenotypic characterization of BM MSCs, a direct immunofluorescence stain-and-then-lyse technique was used, as previously described in detail [35] . Eight color combinations of monoclonal antibodies (MoAb) were used to identify and characterize BM MSCs (Additional file 1: Table S1 ). For each sample, a minimum of 1.5 × 10 6 cells were analyzed per antibody combination using a FACSCanto II flow cytometer (Becton Dickinson Biosciences, San Jose, CA, USA) equipped with the FACSDiva software (Becton Dickinson). Identification of MSCs was performed based on CD13 high and CD105 + expression in the absence of CD45 and high but heterogeneous light scatter features (Fig. 1) . For data analysis, the INFINICYT software (Cytognos SL, Salamanca, Spain) was used. Expression of individual markers was recorded both as percentage of positive cells and as median fluorescence intensity (MFI; arbitrary fluorescence units scaled from 0 to 262,000) after subtracting the baseline autofluorescence levels observed for MSCs in the corresponding fluorescence detector.
MSC isolation, expansion and culture
Isolation and expansion of MSCs was performed on 14 heparin-anticoagulated BM samples. Prior to mononuclear cell (MNC) isolation, autologous BM plasma was obtained by centrifugation for (10 minutes at 1200 g). Low density BM MNC were then isolated using a Biocoll density gradient centrifugation step (Biochrom AG, Berlin, Germany). Afterwards, MNC were washed and Fig. 1 -cells (i.e., non-MSCs) were also isolated; in this later fraction (non-MSC cell fraction) no contamination (<0.01 %) by cells phenotypically compatible with MSCs was detected. The sorted non-MSC and MSC fractions were separately resuspended in Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich, Steinheim, Germany) supplemented with 20 % autologous plasma, L-glutamine 2 mM and 1 % penicillin-streptomycin (Gibco), and plated in six-well culture plates (Corning Inc., Corning, NY, USA). In parallel, isolation of MSCs using conventional MSC expansion after in vitro culture was also performed, as described elsewhere [1, 36] . Briefly, MNCs were resuspended in DMEM medium supplemented with 15 % FBS, L-glutamine 2 mM and 1 % penicillin-streptomycin, and plated in six-well culture plates at a concentration of 1 × 10 6 cells/well. Culture plates were maintained in a humidified atmosphere with 5 % CO 2 at 37°C. After 4 days of cell culture (for both purified MSCs and MNCs), nonadherent cells were removed and fresh medium (DMEM plus 15 % FBS, L-glutamine 2 mM and 1 % penicillin-strepto mycin) was added; for the sorted non-MSC fraction, cultured cells were washed and the culture medium replaced. These steps were then repeated every 2 days until the culture reached 80 % cell confluence. At this moment, nonadherent cells were discarded while adherent cells were detached with 0.05 % trypsin/ EDTA (Gibco) and plated again in two or three culture flasks. This later procedure was repeated every 2 days, three times, in order to ensure that contaminating hematopoietic cells had been washed out of the cell culture.
Adipogenic, chondrogenic and osteogenic in vitro differentiation of MSCs
In order to fulfill the ISCT criteria for the definition of MSCs [18] , adipogenic, osteogenic and chondrogenic differentiation was performed on both sorted MSCs and MNC-derived MSCs, as previously described [17, 37] . Briefly, MSCs were resuspended and plated in a 24-well culture plate at a concentration of 1 × 10 4 cells/well with either conditioned (differentiation) medium or with standard growth medium (DMEM plus 15 % FBS, Lglutamine 2 mM and 1 % penicillin-streptomycin); fresh medium was added every 2 days. To induce adipogenic differentiation, cells were incubated for 8 days with the STEMPRO® Adipogenesis Differentiation Kit medium (Invitrogen Life Science, Grand Island, NY, USA), according to the manufacturer's instructions. The presence of neutral lipids was visualized by standard staining with Oil Red O (Sigma-Aldrich, St. Louis, MO, USA) [38] . In parallel, cells were also grown in osteogenic induction medium (STEMPRO® Osteogenesis Differentiation Kit medium (Invitrogen Life Sciences)) to induce osteogenic differentiation. Detection of osteoblasts was performed both after 8 days of culture using alkaline phosphatase staining [39] , and after 11 days of culture through demonstration of the presence of calcium deposits using the alizarin red S (Sigma-Aldrich) staining [40] . To induce chondrogenesis, 2.5 × 10 4 cells were placed in a 15-ml polypropylene tube and centrifuged (150 g for 10 minutes) in order to form a pelleted cellular micromass at the bottom of the tube. The cell pellet was cultured in 500 μl chondrogenic induction medium (STEMPRO® Chondrogenesis Differentiation Kit medium) following the recommendations of the manufacturer. Fresh chondrogenic differentiation medium was added every 2 days; after 27 days, the micromass was fixed, embedded in paraffin, cut in a microtome and stained with toluidine blue (Sigma-Aldrich) [41] .
Multiparameter flow cytometry immunophenotypic studies of in vitro expanded MSCs
For the assessment of the phenotype of in vitro expanded MSCs (i.e., the expression of those proteins previously evaluated on ex vivo MSCs) a direct immunofluorescence technique was used as previously described in detail [42] . Briefly, 2 × 10 5 cells were stained (30 minutes at 4°C in the dark) with eight-color combinations of MoAbs (Additional file 1: Table S1 ); stained cells were subsequently measured in a FACSCanto II flow cytometer equipped with the FACSDiva software.
Statistical analyses
For all continuous variables, their median, mean, standard deviation, range and both the 25th and 75th, and the 10th and 90th percentiles, were calculated; for categorical variables, frequencies were reported. Fig. 1 ). Conversely, expression of classical MSC-related markers (CD73, CD90, CD105 and CD146) was systematically observed in this cell compartment for all BM samples analyzed. Despite the above markers being detected in the whole CD13 high CD105 + CD45 -cell population (100 % of the cells; Table 1 ), different expression levels for individual antigens were observed for distinct markers; thus, CD146 was typically dimly expressed, whereas the pattern of expression of CD90 was heterogeneous among different samples (normalized MFI ranging from 1870 to 260,738 arbitrary fluorescence units), as well as among cells from individual samples (Fig. 1) . Expression of CD105 and CD73 was also detected in 100 % of the cells with homogeneously positive-to-moderate positive expression levels (Fig. 1) . Reactivity for CD10 and HLA-DR were heterogeneous and typically restricted to only a subset of the whole CD13 high CD105 + CD45 -cell population (62 % to 97 % and 50 % to 100 % of the CD13 high CD105
+ CD45 -cells, respectively). Expression of other, more recently described, MSC-associated markers (nerve growth factor receptor (CD271), MSCA-1, SSEA-4 and STRO-1) was also assessed in a smaller subset of samples (n = 5). In these samples, coexpression of CD271, MSCA-1, SSEA-4 and STRO-1 was also systematically observed on CD13 high CD105 + CD45
cells (Additional file 2: Figure S1 ). Nevertheless, whereas CD271 and MSCA-1 were strongly expressed on these cells, expression of STRO-1 was heterogeneous and SSEA-4 was only dimly expressed (Additional file 2: Figure S1 ). Of note, with the exception of the expression of CD90, which was significantly decreased in reactive (versus normal) samples, no differences were observed between normal and reactive BM MSCs for all other markers analyzed ( + CD45 − cells and conventional in vitro cultured MSCs showed a similar ability to adhere to plastic; in addition, no significant differences were found regarding the growth rate of the two cells fractions (Fig. 2) . In contrast, no adherent cells were observed in the BM cell fraction depleted from CD13 high CD105 + CD45 − cells at the time when the former two cell populations reached an 80 % confluent layer (passage 1).
The multipotent differentiation potential of both FACS-sorted CD13 high CD105 + CD45 -cells and MNCcultured MSCs was evaluated in parallel in five different samples. Both fractions showed a normal osteogenic, adipogenic and chondrogenic differentiation after three passages, as assessed via: 1) determination of the alkaline phosphatase activity and the detection of extracellular calcium deposits using Alizarin Red staining (Fig. 3 , panels II-III) after 8 and 11 days of culture with conditioned medium, respectively; 2) the Oil Red O staining for detection of lipid droplets after 8 days of culture with conditioned medium (Fig. 3, panel IV) and; 3) staining for cartilaginous extracellular matrix performed with toluidine blue after 27 days of culture with conditioned medium (Fig. 3, panel V -BM cells, the former showed significantly higher levels of CD105 (P = 0.03) and CD146 (P ≤ 0.04) expression (Fig. 2f and g ). In contrast, expression of both CD10 and CD13, despite remaining positive, was significantly decreased (P ≤ 0.04) after in vitro culture of CD13 high CD105 + CD45 -cells (Fig. 2b  and c) . Interestingly, expression of HLA-DR, which was detected on ex vivo BM CD13 high CD105 + CD45 -cells, was not detected on either of the two in vitro expanded donor-matched MSC populations (P = 0.01) (Fig. 2h) .
Discussion
In recent years, growing interest has emerged about MSCs due to their unique biological properties (e.g., their low immunogenicity, their immunomodulatory properties, availability, self-renewal and differentiation capacities) [1, 9, 43, 44] which make them a good candidate for cell therapy, as well as their involvement in the pathogenesis of several diseases [14, 15, 17] . However, the need for in vitro expansion of MNC fractions of BM cells for the definition of MSCs (which may affect the natural properties of these cells) together with the lack of (universally accepted) specific antigens and phenotypes for their ex vivo identification and positive isolation, has Normalized MFI values (median (range)) calculated after subtracting the background autofluorescence levels observed for each individual marker-associated fluorochrome and expressed as arbitrary units scaled from 0 to 262,000 NA not applicable led to a growing interest in the identification of potential markers/phenotypes and the establishment of specific strategies for accurate in vivo and ex vivo identification of MSCs [28, 30] . In recent years, important advances have been achieved in this regard and several markers such as CD271 and MSCA-1 have been identified which can be used for purification of MSCs [32, [45] [46] [47] . However, some of these markers are dimly expressed and do not provide a sufficient definition of MSCs versus other cells in the sample (e.g., SSEA-4 or CD146) and/or their expression is not restricted to MSCs (e.g., STRO-1 is also expressed by nucleated erythroid cells) [32] [33] [34] . In addition, other markers have been found to be associated to, but not specific of, MSCs such as CD13, CD105 and CD90 [33, 34] . Here we show that the CD13 high CD105 + CD45 -immunophenotype defines a unique minor subset of BM cells that display MSC features which can be detected ex vivo on fresh BM aspirated samples prior to cell culture. Furthermore, we show that in vitro expansion of these cells modulates their immunophenotypic characteristics including the expression of markers currently used in the definition of MSCs; these results reinforce the need for a more detailed ex vivo characterization of MSCs.
In this study, CD13 high CD105 + CD45 -cells were systematically present in all normal/reactive BM samples analyzed. In the BM samples studied, these cells represented a minor cell compartment which displayed a unique and clearly different phenotype, distinct from that of all BM cell populations described so far. Therefore, these cells showed features distinct from those of B cells (CD19 -), monocyte/macrophage lineage cells (CD11b -, CD14 -), erythroid precursor cells (CD13 hi , CD73 +/++ , CD90 +/+++ ), hematopoietic precursor cells (CD34 -, CD117 -) and endothelial cells (CD34 -), also lacking the expression of pan-leukocyte markers (CD45 -) [18] . Further characterization of these cells revealed immunophenotypic features previously described to be associated with MSCs (e.g., CD10, CD73, CD90, CD146, CD271, MSCA-1, SSEA-4 and STRO-1 expression) [1, 18] . In fact, the immunophenotypic pattern of these CD13 high CD105 + CD45 -BM cells is fully compatible with the widely described MSC profile, Results expressed as median (range) percentage of positive cells and MFI calculated after subtracting baseline autofluorescence levels *P < 0.05 versus normal BM BM bone marrow, MFI median fluorescence intensity (expressed as arbitrary fluorescence units scaled from 0 to 262,000), NA not appropriate (as these markers were absent on CD13 high CD105 + CD45 − cells)
except for the expression of HLA-DR which was found to be systematically expressed in all or a substantial fraction of all ex vivo studied CD13 high CD105 + CD45 -BM cells. Of note, HLA-DR has been previously reported to be absent on MSCs unless they had been stimulated (e.g., by interferon-γ) [18, 48] plastic adherence potential or being highly diluted and, consequently, requiring more time and/or distinct culture conditions to expand.
Of note, when immunophenotypic studies were repeated on expanded MSC fractions, no differences were observed between donor-matched in vitro cultured MSCs which had been isolated from the BM by the conventional density gradient (e.g. Biocoll) purification followed by plastic adherence method and in vitro expanded CD13 high CD105 + CD45 -(FACS-purified) cells. Interestingly, both in vitro expanded cell populations lacked expression of HLA-DR (previously detected on the CD13 high CD105 + CD45 -cells from all samples studied ex vivo), suggesting the ex vivo identified CD13 high CD105 + CD45 -cells in fact fulfill all minimal criteria for the definition of MSCs, since such immunophenotypic criteria were established on cultured cells [18] . In addition, since HLA-DR is known to be expressed on in vitro expanded MSCs upon activation [48] , it could be argued that, for example, the BM extraction process could lead to activation of these cells, which could "return" to a resting state upon stabilization in culture. However, when both in vitro expanded fractions of MSCs were compared with their donor-matched ex vivo CD13 high CD105 + CD45 -cell population, for the remaining MSC markers, significantly higher expression levels were detected for CD105 and CD146 among the cultured cells, in association with lower CD10 and CD13 expression. These immunophenotypic differences may contribute to explain the lack of consensus regarding the antigenic profile (and also morphological characteristics) of BM MSCs in vivo, and at the same time they would support previous results suggesting in vitro modulation of the expression of several MSC-related markers (e.g., HLA-DR or CD146) after long-term cell culture [20, 21] , particularly when different culture conditions are used for MSC expansion (e.g., CD10, CD73, CD90, CD105, CD146) [44, 49] , or the processes associated with cell adherence and growth on plastic (e.g., CD44, CD34) varies [28, 50] . Such in vitro antigen expression-associated changes may potentially contribute to explain also some of the discrepancies reported in the literature as regards the genetic, phenotypic and functional properties of in vitro cultured MSCs [17, [22] [23] [24] [25] [26] [27] . Consequently, the here described CD13 high CD105 + CD45 -MSC-specific phenotype may contribute to a more accurate and standardized ex vivo characterization of MSCs, and a better understanding of the in vivo biological and functional features of this cell population, therefore contributing also to establish more accurately the normal versus altered MSC immunophenotypic transcriptional and functional profiles in different disease conditions. Further studies, in larger series of BM samples from patients with distinct disease conditions, are necessary to fully characterize these cells and to determine whether the expression of CD13, CD105 and CD45 is stable enough to be used as a backbone combination for the identification and characterization of BM MSCs in patients with distinct hematological malignancies and other hematological and nonhematological disorders.
Conclusions
In summary, here we demonstrate for the first time that BM MSCs can be identified ex vivo in normal/reactive BM, based on a robust CD13 high CD105 + and CD45 -inmunophenotypic profile. In addition, we also show that in vitro expansion of these cells is associated with significant changes in the immunophenotypic profile of MSCs. Further studies are needed for more detailed ex vivo characterization of these cells as a basis for the identification of altered genotypes and phenotypes in BM MSCs from patients diagnosed with different disease conditions, such as myeloid and lymphoid malignancies.
Additional files
Additional file 1: Panels Ia and Ib show undifferentiated and unstained MSCs cultured for 24 days (passage 3). Panels II through V display cells which have been induced to differentiate in vitro towards the osteogenic (Panels II and III), adipogenic (Panels IV) and chondrogenic (Panels V) differentiation pathways. Osteogenic differentiation was assessed using alkaline phosphatase (Panel II) and alizarin red S (Panel III) stainings at days +8 and +11, respectively; adipogenesis was determined using the oil red O staining at day +8 (Panel IV), and chondrogenesis was evaluated by toluidine blue staining at day +27 (Panel V). For each staining technique in Panels II-IV, undifferentiated controls counterstained with hematoxylin are also displayed (Panels a and c)
